ABSTRACT: This paper presents a two-level integrated optimization system for use in generating the candidate set of optimal evacuation plans that serve as the input for simulation-based evacuation systems. In the proposed system, the high-level optimization aims to maximize the throughput during the specified evacuation duration, and the low level intends to minimize the total travel time as well as waiting time for the entire operation if the specified duration is sufficient for evacuating all demands. To effectively represent traffic flow relations with mathematical formulations, this paper employs the cell transmission concept, but with a revised formulation for large-scale network applications. The performance of the proposed models and their applicability has been tested with a microscopic simulation program that replicates the Ocean City evacuation network. Evaluation results from these numerical studies have demonstrated the promising properties of the proposed integrated optimization system.
Introduction
Modern cities are exposed to various potential disasters, including not only the natural hazards such as hurricanes, but also technological and terrorist-induced emergencies such as nuclear leakage and biohazard attacks (Urbina and system that intends to yield the range of most viable parameters for target control strategies, such as the percentage of demands to be diverted to each evacuation route and turning fractions to be regulated at critical junctions. Based on mathematically formulated traffic flow relations and operational constraints, the optimization system is capable of identifying the candidate set of optimal evacuation plans in a timely manner even for large networks.
Responsible system users can then finalize the control plans with a pre-calibrated simulator that can realistically replicate some critical operational features and driver response difficult to be fully captured with analytical formulations (e.g., turning bay length or merging behavior). Thus, the primary purpose of the proposed optimization system is to efficiently and effectively provide candidate evacuation plans and consequently improve efficiency of evacuation planning and operations.
The remaining of this paper is organized as follows. To efficiently model the dynamic nature of the evacuation traffic, next section proposes a revised cell transmission formulation specially designed for large-scale network applications. Then, Section 3 will detail the formulations for the optimization models. Section 4 illustrates the evaluation results with respect to the system performance and its applicability in a real-world network. Section 5 summarizes research findings and potential applications of the proposed optimization models.
The Underlying Network Flow Formulation
To ensure the effectiveness of the proposed optimization models, one has to choose an approach to mathematically represent traffic flow evolution in an evacuation highway network. A variety of methods have been proposed in the literature. For example, Barrett et al. (2000) have developed a dynamic traffic management framework for hurricane evacuations based on dynamic traffic assignment. Following the practice of Ziliaskopoulos, et al. (1999; 2000) , Tuydes and Ziliaskopoulos (2000) employed the cell transmission model for evacuation planning. To accommodate the complexity associated with large-scale network applications and to improve the computational efficiency, this study proposes a revised cell transmission formulation for use as the underlying network flow model.
The basic idea of the cell transmission concept proposed by Daganzo (1994; 1995) is to convert highway links into equal-sized segments, or called cells, that could be traversed in a unit time interval at the free-flow speed. Then, the movements of vehicles among these cells are defined with two types of relations, namely flow propagation relations to decide flows between two cells based on upstream/downstream traffic conditions and flow conservation equations to depict the evolution of the cell status (i.e., the number of vehicles in each cell) over time.
To reduce the size of formulations in large-scale network applications, Ziliaskopoulos and Lee (1996) have proposed the use of cells of adjustable size. Their idea is to update those longer cells with a lower frequency, and use the averaged parameters for those intermediate intervals. Such a formulation requires the size of a long cell to be an integral multiple of its connected short cells, and may cause the propagated flows deviated from those with homogenous cells.
To offer the flexibility and also to improve model accuracy in large-scale network applications, the revised cell transmission formulation proposed in this study will allow cells of different sizes to be connected arbitrarily. Its core concept is presented below.
To successfully apply the revised cell transmission formulation, one needs to convert the highway network into a set of connected cells following the principal steps summarized below:
− Identify homogenous road segments: homogeneity is defined by the same free flow speed, same number of lanes, same jam density, same saturation flow rate, and no ramps within a segment. 
Flow Conservation Formulation
Flow conservation equations depict the evolution of the cell status (i.e., the number of vehicles in each cell) over 
Revised Flow Propagation Formulation
The flow propagation relations decide the connecting flows between cells during each time interval, which are presented with the following expressions:
Equation 5 is to model flow propagation relations considering the traffic conditions in a downstream cell, whereas Equation 6 is for the traffic conditions in an upstream cell. 
Formulation of the Optimization Models
Applying the revised cell transmission concept as the underlying network flow model, this section will detail the model formulations for the proposed optimization system.
Objective Functions
In response to the unique operational constraints during emergency evacuation, the proposed optimization system features a two-level optimization scheme.
The high-level optimization aims to maximize the total throughput within the specified evacuation duration T .
Since the throughput can be represented with the total number of vehicles entering all destinations over the study period, one can formulate the objective function as follows: 
Network Flow Constraints
Applying the revised cell transmission formulation, one can summarize the network flow constraints for both levels of optimization as below.
19)

Demand Related Constraints
High Level
At this level, no constraint is enforced on the evacuation demand if there is only one origin, i.e., the connector flows from a source cell to its downstream cells are restricted only by the capacity of the evacuation routes. One does not need the flow conservation equations at the source cell.
Under the scenario of multiple origins for evacuation demands, one needs to set proper constraints to reflect the actual evacuation demand from each origin. Otherwise, some origins may contribute more than their actual demands to the total throughput, while outflows from other origins may remain below their demands. To contend with this issue, one can add a new class of constraints, as shown in Equation 20, to restrict the total outflow from a source cell. As the important evacuation control strategies, both diverging proportions and merging proportions are directly estimatable from the optimization results.
Numerical Analysis and Applications
This section presents the numerical results for two carefully-designed experimental scenarios. The first aims to test the properties of the revised cell transmission formulations, while the second is to demonstrate the model's applicability with the Ocean City hurricane evacuation network.
Test-1: Effectiveness of the Revised Cell Transmission Formulation
This test intends to compare the performance of the following three network flow formulations: 
Test-2: Case Study in Ocean City
This case study intends to demonstrate the applicability of the proposed optimization models. Ocean City, a famous tour destination, is a narrow peninsula on Maryland Eastern Shore. The population in the summer peak season can reach 150,000 ~ 300,000 people, compared with 7,000 to 25,000 people during the off-peak season (Ocean City Emergency Operations Plan, 2002). This large size of population in the summer season renders the city especially vulnerable to the threat of hurricanes, which demands the state to design its hurricane evacuation plans. Figure 4 presents the major evacuation network for Ocean City. The sole origin is set to be the entire city. Thus, one can divide the city into a number of evacuation zones, based on the optimized demand distribution to the three primary evacuation routes. Among these routes, US50 is an arterial street with two lanes in each direction, MD90 is a freeway with one lane in each direction, and DE20 is an arterial street with one lane in each direction.
Evacuation Scenario
Note that as indicated in the widely adopted evacuation response curves (Alsnih and Stopher 2003), the evacuation demand from origin r in time interval t, t r d , tends to greatly exceed the evacuation capacity after the inception of evacuation, and the evacuation demand will accumulate in the source cells until the final dissipation phase. Thus, this paper assumes that all traffic demand can enter their corresponding source cell before the first time interval.
Such an assumption will not affect the resulting throughput and the total travel time under the optimized evacuation plan.
There are three destinations for evacuation flows. The city of Salisbury is a destination without capacity limit, while the actual network geometric data, the length of a unit interval is set to be 20 seconds, which is sufficiently small for evacuation operations. Then, one can convert the network to a cell connection diagram as illustrated in Figure 5 .
Note that the number in each parenthesis indicates the size of the cell.
High-Level Optimization: To Maximize the Throughput
With the proposed formulations, this section intends to show the function of the proposed high-level optimization model for maximizing the total throughput during the given evacuation duration.
In this application, the LP formulations contain 720 time intervals, 79,809 variables, and 250,509 constraints. A computer program was created to generate the standard input file for the professional software LINGO 8.0. The global optimal solution for the maximal throughput over the evacuation period of 4 hours amounts to 27,268 vehicles to all three destinations. Figure 6 presents the cumulative arriving curve for each destination, where most vehicles are directed to Salisbury.
Low-Level Optimization: To Minimize the Total Travel Time and Waiting Time
The application in this section is to explore the function of the proposed low-level optimization model in optimizing the evacuation patterns if the allowed time window is sufficiently long for completing the evacuation. The total evacuation demand is set to be 25,000 vehicles in 4 hours. The new LP formulations with the second level optimization contain 80,528 variables and 251,228 constraints for 720 time intervals. Figure 7 presents the cumulative arriving curve of each destination based on the global optimal solution.
The preliminary results from the low-level model indicate that there is no flow in the south direction of US113 between US50 and MD90, and the capacity usage of the north direction of US113 from US50 to DE54 is very low.
Thus, one can exclude these road segments from the major evacuation network in practice. Note that after excluding those low-usage routes, only two diverging cells and one merging cells remain in the network, where − Cell 6 is a diverging cell: The connector from Cell 6 to Cell 7 carries the through traffic on US50, while the connector from Cell 6 to Cell 40 conveys the traffic from US50 to US113 South; − Cell 7 is a diverging cell: The connector from Cell 7 to Cell 8 carries the through traffic on US50, while the connector from Cell 7 to Cell 24 conveys the traffic from US 50 to MD346; − Cell 9 is a merging cell: The connector from Cell 8 to Cell 9 captures the through traffic on US50, while the connector from Cell 16 to Cell 9 carries the traffic from MD90 to US50.
Analysis of the flow proportions in those critical points indicates that their diverging/merging patterns are relatively stable, except during the dissipation phase. 
Simulation Comparison of the Proposed Network Flow Formulations
Finally, this section intends to evaluate the effectiveness and reliability of the proposed formulations for application in the Ocean City network. For this purpose, one can compare the cumulative arriving curve at each destination generated from the model with the same curves generated from the network simulator developed with CORSIM.
Note that the optimal turning fractions from the low-level optimization may vary significantly over some periods in the ideal case, which are not suitable for direct use as simulation input and not realistic for real-world implementation. To reflect this operational constraint, the diverging proportions for Cells 6 and 7 are set as those shown in Table 1 , based on the low-level optimization results.
high for the actual ramp capacity. Some controls will be needed to ensure that traffic congestion will not occur on the upstream links to Cell 6. Hence, the node from US50 to US113 south has been operated with the following plans. 
Conclusions
This paper has presented a two-level optimization system for large-scale network evacuation planning, which is capable of efficiently providing the candidate set of optimal evacuation plans for review by responsible experts and/or for refinement with various network simulators. To efficiently model the flow propagation in large-scale networks, this study has proposed a revised cell-transmission formulation as its underlying network flow model, which has proved to yield sufficiently reliable performance. The applicability of the proposed two-level optimization system and its reliability for use in practice has also been evaluated with the Ocean City network simulator.
Overall, despite the difficulty in capturing all operational constraints with analytical formulations, the proposed optimization system can effectively and efficiently generate a set of optimal emergency evacuation plans under available resources and the evacuation time window. Such a capability in identifying promising plans is critical in real-time evacuation operations, especially when the traffic flows encounter unexpected events during the evacuation and the revised control strategies needs to be generated in a timely manner. 
The following symbols are used in this paper. 
